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ABSTRACT:

The activity of a gold nanoparticle-based catabgmt be reversi-
bly up- and down-regulated by light. Light is usedswitch a

small molecule between cis- and trans-isomers, hirihibit the

catalytic activity of the nanoparticles to diffet@xtents. The sys-
tem is functional in aqueous buffer, which paveswray for inte-

grating the system in biological networks.

The visual phototransduction process is a beawgiample of
the functional power of complex chemical netwotKehe process
is initiated by the photon-triggeregis-trans isomerization of the
co-factor retinal, which activates a cascade oflgit events
eventually leading to an electrical output sigraal grocessing by
the nervous system. In the quest towards resporsméhetic
chemical systems of increasing complexity the awdlity of cat-
alysts that can be regulated using an externaerig an essential
prerequisité® The use of light is particularly attractive beoaits
can be delivered very efficiently and with high fgral and spa-
tial precision? Although most attention has been focused on mo-
Iecular catalysts equipped with light-sensitive ewoilar switch-

510 there is an increasing number of examples of yatadys-
tems of higher complexity that can be regulatedhwight*? In
particular, nanoparticles functionalized with azmeEne-moieties
have turned out to be very effective, which is mataused by
the possibility to install innovative regulatory amanism €.g.
light-induced aggregation-dissociation) that aredhto achieve
with molecular catalysts:*® It has been shown recently that na-
noparticle aggregation can also be controlled usingexternal
light-sensitive molecule, which liberates a protopon light-
induced isomerization and in that way affects tlggregation
state of the nanoparticlé$!” Here, we apply a different strategy
to control the activity of catalytic nanoparticledying on the use
of a small light-sensitive co-factor which inhibdatalytic activity
because it competes with the substrate for binttirthe catalytic
monolayer (Figure 1). This mechanism, togethehlite fact
that the system functions in water, makes for aeclanalogy with
the visual phototransduction process and opensvityeto light-
regulated hybrid networks composed of nanopartieled en-
zymes.

Au NP 1 are gold nanoparticlesl € 1.6 + 0.4 nm) passivated
with a monolayer of gthiols terminating with a 1,4,7-
triazacyclononane (TACN)-2h head group (Figure 1§.Previ-
ously, we have shown that Au NIPand analogues catalyse very
efficiently the transphosphorylation of 2-hydroxgpyl-4-
nitrophenylphosphate (HPNPP), which is a model tsates for

EON R
low activity high activity .? NP
(% %O 365 nm Qk ?
;-%5 égb o > gg?@

@ onx._m@ O

Figure 1. Light-inducedcis-trans isomerization o2 changes it
affinity for Au NP 1, which affects the transphosphorylation
of HPNPP.

RNA-hydrolysis!®?® The system has been referred to as a
nanozyme, because of its many analogies to enzycoegera-
tivity between TACN-ZA'-complexes, Michaelis-Menten reac-
tion kinetics, and down-regulation of catalysis ibfibitors that
compete with the substrate for binding to Au N#*In particu-
lar, this latter aspect stimulated us to expla#t tbversible interac-
tion between a competitor and Au NRas a tool to regulate cata-
lytic activity in a similar way as what happendtie visual photo-
transduction process. This would require the usa sinall light-
sensitive molecule that would change the affinity Au NP 1
upon photoisomerization. Our attention was drawrcammer-
cially available 4-(phenylazo)benzoic acid)),(because it com-
bines a photoresponsive azobenzene and a carbagitiggroup,
which is negatively charged at pH 7.0. UV-vis spestopy con-
firmed that also in the presence of Au NR[TACN-Zn*"] = 20
uM, [HEPES] = 10 mM, pH = 7.02 can be reversibly switched
between two photostationary statésargs.cis = 35:65 afterh =
365 nm for 50 minutegrans.cis = 77:23 aftei. = 465 nm for 10
minutes) (Supporting Information). Throughout tharmascript,
cis2 andtrans-2 refer to the photostationary states enriched in
cis2 (65%) andtrans-2 (77%), respectively. Next, the relative
affinities of bothcis- andtrans-2 for Au NP 1 were determined by
means of a competition experiment with the fluoeascprobe
6,8-dihydroxy-1,3-pyrenedisulfonic aci@)((Figure 2a). In these
experimentsgis-2 andtrans-2 were titrated separately to a buff-
ered aqueous solution of Au NR[TACN-Zr#*] = 20 uM) and3

(8 uM). At this concentration nearly a8 was bound to Au NR
resulting in a nearly complete quenching of it®fescence by the
gold core® The addition of increasing amounts Dfesulted in
the displacement & from the monolayer surface which could be
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Figure 2. a) Schematic representation of the competitiggeerments between fluorophoBeandcis- andtrans-2 for binding to Au NPL.
b) Increase in fluorescence intensity as a funabfothe concentration &f. To permit comparison, the fluorescence intersfityans-2 was
corrected for the intrinsic difference in fluoresce intensity o83 in the presence ¢fans- andcis-2. c) Fluorescence intensity after repeti-
tive irradiations (365 nm for 50 minutes, 465 nm 10 minutes) of a solution containing Au NP2 and3. The intensity is corrected 1
bleaching of3 (see Supporting Information). d) Peak area of prlsee Supporting Information) in the chromatografthe dialysat
after ultrafiltration of a solution containing AuPNL, probe4, and eithetrans- andcis-2. All experimental conditions are given in the Sup-

porting Information.

detected by an increase in fluorescence inten$itg resulting
displacement curves clearly showed ttrahs-2 has a higher af-
finity (2.2 times) for Au NPL compared tais-2, which is a fun-
damental prerequisite for the use2ods a photoresponsive cofac-
tor (Figure 2b}® The lower affinity ofcis-2 is ascribed to the in-
crease in polarity of azobenzene upmans-cis isomerization,
which reduces favorable hydrophobic interactionthhe apolar
part of the monolayef?” Importantly, the complete reversibility
of the interaction was demonstrated by measurirgg filores-
cence intensity after repetititeans-cis and cis-trans isomeriza-
tions (Figure 2c). It is noted that the quantitatinterpretation of
these measurements required a correction for tb&pleaching
of probe3 upon irradiation at 465 nm (Supporting Informajion
Additional direct evidence that th@s- and trans-isomers of2
displace a surface-bound molecule to a differemérgxwas ob-
tained from ultrafiltration experiments followed bhZ-MS meas-
urementg® In these experiments equal amounts of eitfi®ror
trans-2 (100 uM) were added to a solution of Au NIPsaturated
with probe4 (4.8 uM, Figure 2d) after which ultrafiltration using
a 10 kba MW cutoff PES-membrane was used to sepdra¢
from surface-bound molecules. LC-MS measurementheffil-
trate showed a 2 times higher concentratiod of the sample to
which trans-2 was added compared to tbie-2 sample, which is
in agreement with the data obtained from fluoreseemeasure-
ments (inset of Figure 2d).

At this stage we also verified through a seriesirdlysis that
Au NP 1 was not subject to structural alterations as altesid
extensive irradiation'H NMR and C@'-titrations confirmed that
5 irradiation cycles did not affect the structueadd functional
properties of the organic monolayer, whereas TEMSBnd UV-
vis measurements confirmed the integrity of thergaaic core
(Supporting Information).

We then proceeded with a study of the inhibitorfedf of the
cis- andtrans-isomers o2 on the catalytic activity of Au NR in
the transphosphorylation of HPNPP (Figure 1). Tésction can
be conveniently followed by UV-vis spectroscopy togasuring
the increase in absorbance at 390 nm (which carnelspto the
isosbestic point ofis- andtrans-2) originating from the liberated
p-nitrophenolate anion. It is noted that the Au nzarticle metal
component itself is not involved in the reactiomuridg the course
of numerous studies using Au NPor analogues, the reduction of
p-nitrophenol tgp-nitroaniline, which is known to be catalyzed by
Au metal nanoparticles, has never been observ@d Inhibition
studies were performed by measuring the initiattiea rate at
different concentrations of eithers- or trans-2. Comparison of
the inhibition curves showed an enhanced inhibiapacity of
trans-2 compared ta@is-2, which is in line with the results of the
displacement experiments (Figure 3a).
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Figure 3. a) Plot of the initial rate (normalized on théeréor [2] = O uM) of the transphosphorylation of HPNPP as a fuarctf the co-
centrations ofis- andtrans-2. b) Increase in absorbance as a function of time fonpées that were (blue) and were not (red) irradiat

465 nm for 10 minutes after 7 minutes of react@rPlotof the initial

rates (normalized on the initialeatf the first kinetics) for seve

irradiation cycles. Protocols and experimental d¢toras are given in the Supporting Information.

In particular between 5 and 20/ of 2 a significant difference
was observed. From within this range, a&0 concentration o
was chosen, because the lower reaction rates hermighibitor
concentrations would increase the available tirmené for detect-
ing changes in activity upon irradiation. In antigdi experiment
we followed the course of the reaction after additRNPP to a
buffered solution containing Au NPandcis-2. After 7 minutes,
the cuvette was irradiated for 10 minutes at 465afirer which
the measurement was continued together with a sathpt was
non irradiated. Whereas prior to irradiation badkes were obvi-
ously the same, after irradiation a clear diffeeem@as observed
with a lower activity for the irradiated sample.iJindicated that
the cis-trans isomerization of2 resulted in a down-regulation of
Au NP 1 (Figure 3b). Objectively, the observed differeiceate
is not large, but it is in line with what can bepegted based on
the relative affinities otis- andtrans-2 for Au NP 1. It is worth
reminding that? itself has a relatively low affinity for Au NB
and, also importantly, that the photostationaryestare not very
well resolved. The fact that the system is any afalg to respond
to the isomerization d illustrates the sensitivity of this approach
to regulate the catalytic activity of Au NPwith light. The same
experiment performed in the absence of the inhitdtobviously
resulted in higher rates, but, importantly, irraidia of the sample
had in this case no effect on the reaction rateg8ing Infor-
mation). Yet, although promising, this procedureved not very
suitable for multiple up- and down-regulation cygcl&his was
mainly caused by the accumulation of the cleavageyct p-
nitrophenolate in the system, which strongly absanbthe same
region as azobenzere As a result, we observed a strong reduc-
tion in the switching efficiency d? as the reaction proceeded. For
this reason, we performed the experiments in @mdiftt way by
adding the substrate HPNPP each time after isoat@ne of 2.
Thus, a large stock solution of Au NK20uM) and2 (20 uM) in
HEPES (10 mM, pH = 7.0) was prepared and subjdotéuadia-
tion cycles to induce isomerization. After eacladiation a sam-
ple was transferred to a cuvette, HPNPP (1) was added and
the increase in absorbance at 390 nm was meadurischad also
a second advantage that the initial rates couldjuzmntitatively
compared between different cycles. In total, 3 eyolvere per-
formed and the relative initial rates clearly destosted that the
catalytic activity of the system can be reversibfy and down-
regulated using light (Figure 3c). Isomerization the trans-
isomer in all cases resulted in an (expected) dserén activity,
which was restored upon isomerization to theeisomer. In the
absence oP reversible up- and down-regulation was never ob-
served (Supporting Information). The slight deceeas perfor-
mance over multiple cycles is a side effect oriintafrom a deg-
radation of the HEPES-buffer upon irradiation (Sapipg Infor-

mation)3%3 With that respect, we want to stress that thinis of
the few examples of a light-modulated Au NP systieat is func-
tional in aqueous buffét and thus marks a significant step for-
ward towards the integration of such systems idogioal net-
works.

In conclusion, we have shown that a small lightsgére mole-
cule can act as a co-factor to reversibly regula¢ecatalytic ac-
tivity of a nanosystem. Similar to what happenthia visual pho-
totransduction process, light irradiation causefractural change
in the cofactor which affects the affinity for thatalytic site. Evi-
dently, the efficiently of the presented systenstif less com-
pared to natural systems and also compared toquslyireported
nanoparticle-based catalysts that operate in ocgaoivents.
However, the fact that the light-sensitive moleculeracts with
the nanoparticle through noncovalent interactionsvater repre-
sents a significant step forward. The use of sneal§ily accessi-
ble molecule significantly facilitates optimizatiocompared to
related systems in the literature in which thetligbnsitive unit is
covalently attached to the monolayer. In additiwa,have shown
that light can be used to displace surface bouniéautes, which
is of interest for the development of innovativdidery systems
and materials.
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